The detection of nucleic acid variations with high specificity and sensitivity is essential for the good practice of precision medicine. Herein, we explore improving the sensitivity while ensuring the specificity of nucleic acid detection at single base resolution. "Toehold exchange" and "toehold displacement" are the two most widely used strategies in nucleic acid analysis due to their high theoretical specificity. However, to the best of our knowledge, there is no direct comparison between the two strategies to determine which one is more specific for nucleic acid analysis. First, a systematic comparison of the specificity of SNV detection based on toehold exchange and toehold displacement is performed, which shows that toehold exchange exhibits higher discrimination than toehold displacement, both experimentally and theoretically. Second, "plug the reaction", which is a new principle to improve sensitivity without sacrificing specificity is proposed for the first time and demonstrated. This is achieved by adding a "plugging probe" at the equilibrium of toehold exchange. The plugging probe reacts with the product of toehold exchange, thus breaking the equilibrium of the reaction and successfully amplifying the signal.
Introduction
Variations in nucleic acid sequences, including DNA, mRNA, and miRNA, have been demonstrated to play crucial roles in many diseases, such as cancers and cardiovascular disease.
1-3
Even a single base mutation in RNA or DNA sequences may cause the occurrence, development, and drug resistance of diseases, and has great impact on their prognosis and therapy. [4] [5] [6] With the development of precision medicine, detection of sequence variants at base-pair resolution is of great importance particularly in early cancer diagnosis, in which tumor samples may contain very little target variants and have many interferential sequences. A wide variety of technologies have been developed for nucleic acid analysis, including hybridization, PCR, isothermal amplication, sequencing, as well as their combinations. [7] [8] [9] Although these technologies have distinct advantages when used in nucleic acid analysis, there are still some drawbacks that limit the scope of their application, for example, PCR oen results in false positives and artifactual mutations, while sequencing technology suffers from a denite intrinsic error rate (5 Â 10 À4 to 10 À2 per nucleotide). 10, 11 Due to these limitations, the detection of sequence variants such as single nucleotide variants (SNVs) and rare mutations requires high specicity, which is still a challenge. Even next generation sequencing cannot easily detect rare mutations and single molecule mutations.
12,13
To detect SNVs and rare mutations, nucleic acid testing is required to maximize specicity with sufficient sensitivity. There is a myriad of research focused on improving the sensitivity of nucleic acid analysis, 7, 8 such as binding-induced DNA assembly and incorporating isothermal amplication using DNA nanotechnology and other metal nanomaterials.
14-16
Although these methods achieved high sensitivity and low detection limitation (as low as fM), they usually have the disadvantage of low sequence selectivity or specicity, which causes them to be rarely used in clinical diagnosis. There is scarce research on specicity which is in fact no less important than sensitivity in clinical detection. Most detection methods just use toehold displacement or toehold exchange to guarantee specicity; however, no research has compared the two strategies to determine which one exhibits higher discrimination ability for nucleic acid analysis.
Both toehold displacement and toehold exchange are competitive hybridization reactions, where an incoming DNA strand outcompetes the other strand (usually known as a blocker or protector) from a DNA or RNA duplex to form a better matched duplex. This process is controlled by the Gibbs free energy of hybridization. Toehold displacement which was rst introduced by Yurke is a highly specic process in which an input strand displaces a blocker strand to bind to its complementary partner. 17 Toehold exchange, which was developed from toehold displacement, possesses fast reaction kinetics, high specicity and has the potential to be used in large reaction networks. [18] [19] [20] [21] David optimized the specicity of nucleic acid hybridization based on toehold exchange, 20 but there is still confusion about the specicity of toehold exchange and toehold displacement. On one hand, toehold exchange has been demonstrated to possess high selectivity for the detection of single base mutations in double-stranded DNA, [22] [23] [24] as well as for the enhanced specic detection of other mutations. [25] [26] [27] On the other hand, there are more studies based on toehold displacement. For example, combined with materials such as gold nanoparticles, graphene, and nanodendrites, toehold displacement has been used to detect mRNA and DNA.
28-31
Based on toehold displacement, highly selective detection of DNA and miRNA has been achieved, [32] [33] [34] [35] [36] [37] and also in situ molecular visualization. [38] [39] [40] Herein, the specicity of SNV detection based on toehold exchange and toehold displacement is systematically compared in a more obvious manner. We believe this will provide universal guidelines for nucleic acid analysis, which are required for high specicity.
Also, we intended to improve sensitivity without sacricing specicity by adding another "plugging probe" to plug the reaction. By performing the signal amplication step aer the discrimination reaction, the specicity is not inuenced.
41
Differing from target sequence amplication which may amplify both unwanted sequences and target sequences and may also introduce artifactual mutations, our signal ampli-cation strategy is energy-efficient. The process of the "plug the reaction" is illustrated as follows. Once the discrimination reaction reaches equilibrium based on toehold exchange, a uorescent reporter strand is produced. Then an additional plugging probe is added to react with the uorescent reporter strand based on toehold displacement, which consumes the product of the toehold exchange reaction, thus breaking the equilibrium of the reaction and making the reversible reaction move forward and producing more uorescence signals. Additionally, to demonstrate the potential applications of plug the reaction, the probes are slightly modied. For example, labelling the plugging probe with the same uorophore can further improve sensitivity.
Since the sequence specicity can be well represented by the discrimination of SNVs, herein, we rst systematically compare the performance of SNVs detection based on toehold exchange and toehold displacement in three different buffers (20 mM Tris-HCL, 1Â PBS and 1Â TAE), and using the results provide guidelines for highly specic nucleic acid analysis. Besides, we analyze the discrimination factor (DF, which represents the discrimination ability) of the above two strategies from both theoretical and experimental results. Finally, a new principle (plug the reaction), which is aimed at improving sensitivity without sacricing specicity, is proposed and its potential application also demonstrated.
Experimental

Materials and chemicals
All chemicals were purchased from Sigma-Aldrich Chemical Co (St. Louis, USA). All oligonucleotides were synthesized and further puried via HPLC by Sangon (Shanghai, China). 6-Carboxyluorescein (FAM) was used as a uorophore and 4-((4-(dimethylamino) phenyl)azo) benzoic acid (Dabcyl) was used as a quencher according to uorescence resonance energy transfer. The sequences are listed in Scheme S1. †
Preparation of the probes
To prepare 200 nM double-stranded probes (probe1/probe1 (2) and probe2/probe2 (2)), 400 nM of each uorophore (protector) or quencher (compliment) labeled strand was separately dissolved in the same buffer, Tris-HCl (pH 8.0, containing 1 M Na + ), 1Â TAE (containing 12.5 mM Mg 2+ ) or 1Â PBS (pH 7.4). Then the two solutions (uorophore and quencher) were mixed and allowed to equilibrate for over 30 min. All the other probes (probe3/probe3(2) and probe4) and oligonucleotides were dissolved in the same Tris-HCl buffer (pH 8.0, containing 1 M Na + ) unless specically mentioned. All experiments and purications were performed at room temperature (25 AE 2 C) unless specically mentioned.
Fluorescence measurement
Kinetics were recorded using a Cary Eclipse Fluorescence spectrophotometer and the following parameters: excitation wavelength: 480 nm, emission wavelength: 520 nm, excitation slit: 10 nm and emission slit: 10 nm (note: all experiments were performed in 20 mM Tris-HCl with 1 M Na + at room temperature (25 AE 2 C) unless specically mentioned).
For the comparison of toehold displacement and toehold exchange, rst, 100 mL 200 nM labeled probe (probe1 or probe2) was injected to a quartz uorescence cuvette (45 Â 12.5 Â 7.5 mm 3 , path length 5 mm, inside width 1 mm). Subsequently, 100 mL 200 nM of target/SNVs was injected into the cuvette.
To evaluate the DG sep of the modied uorophore and quencher, rst, 100 mL 200 nM FAM labeled strand X (containing 200 nM catalyst C) was injected into a cuvette, and then 100 mL 200 nM duplex YZ (probe4) was injected into the cuvette.
For the plug the reaction experiments, following the toehold exchange experiment, 100 mL 200 nM probe3/probe3(2) was injected into a cuvette. To demonstrate the potential use of plug the reaction, the procedure was the same as that for plug the reaction above, except that probe3(2) was intentionally modied.
Results and discussion
Performance of toehold displacement and toehold exchange
In order to compare the performance of SNV detection based on toehold exchange and toehold displacement, two types of probes were designed. Probe1 was designed based on toehold exchange and probe2 was designed based on toehold displacement. Probe1 and probe2 were both pre-formed duplexes that contained a uorophore labeled strand and a quencher labeled protector strand. In order to compare their performances on the same basis, the sequences were designed to have base groups in series so that the four SNVs could have the same mutation and neighbors even though they occur at different positions (SNV1 in toehold, SNV2 in place of the double-strand region, SNV3 in the middle position and SNV4 in the end of branch migration region). When the probes were incubated with target or SNVs, the perfectly matched target displaced the protector strand with high efficiency and released high uorescence, whereas the SNVs hardly displaced the protector strand and generated low uorescence. Fig. 1 shows the relative uorescence intensity (RFU) of the two detection systems (probe1 with target/SNVs and probe2 with target/SNVs) in three different buffers (20 mM Tris-HCl, 1Â PBS, and 1Â TAE containing 12.5 mM Mg 2+ ). The uorescence intensity at equilibrium in the target group was dramatically higher than that in the SNVs group through toehold exchange, but was only a little higher through toehold displacement. Moreover, in all three buffers, toehold exchange only needed 2-3 minutes to reach equilibrium for both target and SNVs. In contrast, toehold displacement needed 2-3 minutes to reach equilibrium for the target, but much longer for SNVs, especially for SNV2 and SNV3 in PBS which need more than 40 minutes to reach equilibrium. Three different buffers (20 mM Tris-HCl, 1Â PBS, and 1Â TAE containing 12.5 mM Mg 2+ ) were used to compare toehold exchange with toehold displacement. As shown in Fig. 1 , the performances of toehold exchange in the three buffers were almost the same, but the performance of toehold displacement differed from each other. For example, the performance of toehold displacement for SNVs in PBS was much slower than in Tris-HCl and TAE. This may have been caused by the different ions in different buffers. However, in all the buffers, the specicity of toehold exchange was better than toehold displacement (as shown in Table S1 , † the value of DF for toehold exchange was about 6-8 and that for toehold displacement was only 1-2). Based on these results, it can be concluded that: (1) toehold exchange exhibits higher discrimination than toehold displacement at reaction equilibrium in any buffer system. Toehold exchange can distinguish SNVs no matter where the single base mutation is. These results are consistent with the theory of thermodynamics, as predicted by NUPACK. The Gibbs free energy (DG) for the toehold exchange reaction was almost 0 kcal mol À1 (Table S3 †) which permits a high level of discrimination, whereas the DG for toehold displacement was À8.59 kcal mol À1 (Table S4 †) . Since DG determines the occurrence and productivity of a reaction, when DG z 0 kcal mol À1 , a slight change in DG can cause a huge difference in the reaction and thus optimal specicity. (2) The kinetics of toehold exchange is faster than that for toehold displacement, especially for SNVs. (3) Although the toehold displacement exhibits low discrimination at reaction saturation, it can achieve good discrimination in an appropriate buffer (e.g. 1Â PBS) early in reaction, which relies on the kinetic difference, especially when the mutation occurs at the rst or middle position of the migration strand, such as SNV2 or SNV3. This may be due to the fact that when mutations occur in the region of the double strand near the toehold, the reaction needs to break the preformed base-pairing and form a mismatch bubble aer the reaction. However, when mutation occurs at the toehold region, there is no need to break the pre-formed base-pairing. When mutation occurs at the end of the branch migration region, there are already many matched bases before the mismatch bubble. This makes it difficult for the mismatched strands to be separated and therefore reduces the specicity. (4) The yield of toehold displacement is higher than toehold exchange because toehold displacement is thermodynamically more favorable owing to its relatively lower DG rea . To further demonstrate the universality of the methods, we prolonged the sequences of the target and SNVs and found that the results were similar to the short sequence except that the equilibrium time was longer (Fig. S1 †) .
The discrimination factor (DF), which represents the discrimination ability, can be dened as the signal of the target to the signal of the SNVs. The calculated experimental DF is shown in Tables S1 and S2 
where, c is the hybridization yield, D is the concentration of the uorescence product, B is the initial concentration of probe1 and RFU is the related uorescence intensity. The theoretical DF calculated using the thermodynamic equation is shown in Tables S3 and S4 . † In a simplistic view, both toehold displacement and toehold exchange can be described as a reversible reaction as follows: A + B ! C + D, where A is the target or SNV, B is the probe, C is the waste and D is the uorescent product. When the equilibrium of the reaction A + B ! C + D is achieved:
where, DG is the Gibbs energy change, T is the Kelvin temperature, R is the gas constant and K eq is the equilibrium rate constant of reaction. Both the experimental DF and theoretical DF for toehold exchange were higher than that for toehold displacement (Tables S1, S3 and S4 †), which demonstrates that the specicity of toehold exchange is much better than toehold displacement.
However, there was difference between the theoretical DF and experimental DF values especially in toehold exchange. For example, the theoretical DF exh (DF of exchange) was 10.7 and the experimental DF exh was 6.02. This difference may due to the temperature, buffer condition, error from yield and prediction error of the NUPACK soware because it disregards the modication of the uorophore and quencher.
To evaluate the effect of the modication of the uorophore and quencher on the reaction, we introduced a uorescence strategy based on a generalized method for measuring the separation standard free energy (DG sep ) of the modied FAM uorophore and Dabcyl quencher (Fig. 2) . The principle of this method is described in detail in Text S3. † Briey, the absolute value of DG sep was equal to the gather standard free energy (DG gath ) of the modied FAM uorophore and Dabcyl quencher ( Fig. 2A) . The reaction can be described as: X + YZ ! Y + XZ, where X is the strand modied with FAM, Y is the strand without modication and Z is the strand modied with Dabcyl quencher.
42 By designing strand X, which differs from the protector strand Y, to consist of probe4 by only the FAM modication, the reaction standard free energy (DG rea ) was close to DG gath . A catalyst strand C was added to accelerate the reaction (Fig. 2B) . When 100 mL buffer was added to 100 mL strand X (containing catalyst strand C), the uorescence of X decreased because of the dilution effect (le of Fig. 2C ). When 100 mL probe4 was added to 100 mL strand X (containing catalyst strand C), the uorescence of X dramatically decreased because of the dilution effect plus the effect of the strand displacement reaction (right of Fig. 2C ). Thus, based on Fig. 2C , we can evaluate the efficiency of the strand displacement reaction. Discrimination based on reaction kinetics is not very practical in most diagnostic applications since it usually requires advanced instrumentation and control over the concentrations of the SNVs and target, equilibrium discrimination is much more practical and preferable in real clinical diagnosis. Both the experimental DF and theoretical DF reveal that the toehold exchange exhibits higher equilibrium discrimination than toehold displacement no matter where the single base mutation is. These results will provide universal guidelines for nucleic acid analysis, which are required for high specicity. It can be combined with other strategies such as the use of blocking strands, sinkers and clutch probes, which have been used in specic nucleic acid detection to further improve specicity. For example, when toehold exchange was combined with blocking probes, the DF improved by about two times (Text S4 and Fig. S3 †) . Thus, toehold exchange was selected for use in our further experiments. Additionally, since the specicity of toehold exchange is position independent, we only chose SNV2 to represent SNVs for the following experiments.
Plug the reaction
As shown in Fig. 1 , the yield of toehold displacement was almost three times higher than toehold exchange, thus we expected that the combination of toehold exchange with toehold displacement would achieve both high specicity and sensitive detection.
A plugging probe (probe3) was designed to react with the uorescence reporter strand (the product of toehold exchange), thus plugging the former toehold exchange reaction and causing more FAM labeled strand to be released (Fig. 3A) . The two-step reaction can be described as:
where, A is the target or SNVs, B is probe1, C is the waste, D is the intermediate uorescent product, E is probe3, G is the waste and F is the nal uorescent product.
As shown in Fig. 3B and C, the RFU dropped immediately when probe3 was added to the system at equilibrium because of the dilution effect. Also, the RFU increased immediately, which was caused by plug the reaction. However, there was only a dilution effect without plug the reaction once buffer was added to the system.
In order to demonstrate that specicity would not be inu-enced through plug the reaction, we detected SNV2 and target based on this system and calculated the DF with time (Fig. 4) . By adding probe3, the RFU of both the target and SNV2 decreased and increased (Fig. 4A ), but the DF was not reduced by adding probe3 (Fig. 4B) . These results show that the DF will not be reduced by plug the reaction through the addition of probe3. Furthermore, we designed a series of probe3 with different lengths of toehold to maximize the efficiency of plugging the reaction. Fig. 5 shows the RFU change over time by adding probe3 with different lengths of toehold in the second step. The black line represents the basic line upon the addition buffer aer the rst step of the reaction. The other colorful lines represent the RFU over time with the addition of probe3 with different lengths of toehold in the second step. The results showed that when the length of toehold of probe3 was seven, the RFU was the highest (green line) compared with the buffer (black line). This was caused by the combined effects of thermodynamics and kinetics. Thus, when the length of toehold of probe3 was seven, the efficiency of plugging the reaction was best.
As a proof-of-concept, detection systems based on plug the reaction were designed to demonstrate the potential use of plug the reaction. In one system, probe3 and probe1 were labeled with the same uorophore FAM, which successfully amplied the uorescence signal (Fig. 6 ). As shown in Fig. 6A , the DNA target reacted with probe1 based on toehold exchange, generating a uorescent strand. Then the generated uorescent strand reacted with probe3 based on toehold displacement, which broke the equilibrium of toehold exchange and produced an increased uorescent signal. As shown in Fig. 6B , the uo-rescent intensity increased more than two times when probe3 was added to the reaction. Fig. 6C shows the uorescence intensity before the addition of probe3 (dotted line) and aer the addition of probe3 (solid line) at different concentrations of target (10 nM, 100 nM and 200 nM). This shows that the signal can be amplied 2-3 times by adding probe3 to plug the reaction ( Fig. 6C and D) . Using 100 nM target and SNV2 as an example, we can see that both the RFUs of SNV and target increased by adding probe3 (Fig. 7A ), but the DFs before and aer the addition of probe3 were almost the same (Fig. 7B) .
In summary, we combined toehold displacement with toehold exchange and formed the plug the reaction system, which increased their sensitivity by two times while ensuring specicity. The sensitivity can be further enhanced if other amplication steps are incorporated, such as PCR and bindinginduced DNA assembly. We expect that the principle of consuming or taking away the product of toehold exchange to plug the reaction and amplify the signal will be useful in further applications.
Conclusions
Herein, we systematically compared the performance of SNV detection based on toehold exchange and toehold displacement, and found that the equilibrium discrimination of toehold exchange is better than toehold displacement, which is more practical in clinical applications. Also, the calculated DF of toehold exchange is higher than that of toehold displacement both theoretically and experimentally. Second, we introduced a new concept, plugging the reaction, to improve sensitivity without sacricing specicity. We believe that this work will be of great signicance in the development of both specic and sensitive nucleic acid analysis. It has the potential to be used in chips, next-generation sequencing, PCR and other detection strategies for accomplishing the ultra-specic detection of SNVs, rare mutations and other nucleic acid analyses.
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